Aqualysin I has at least two Ca 2＋ -binding sites that have diŠerent a‹nities for Ca 2＋ . The binding of various metal ions to aqualysin I was studied using 23 Na-and 139 La-NMR spectrometry. Evidence is presented that Ca 2＋ , La 3＋ , and Na ＋ bind to the low-a‹nity Ca 2＋ -binding site of aqualysin I, but Mg 2＋ does not. Our results conˆrm that binding of metals at the low-a‹nity Ca 2＋ -binding site is essential for thermostabilization, since the addition of Mg 2＋ did not result in thermostabilization. La 3＋ was found to bind to both the low-a‹nity Ca 2＋ -binding site and an additional metal ion-binding site that can also be involved in the thermostabilization of aqualysin I.
Aqualysin I, a subtilisin-type thermostable alkaline serine protease, is secreted extracellularly by the extreme thermophile Thermus aquaticus YT-1.
1) The enzyme has maximum activity at 809 C at pH 10.
2)
Subtilisin-type proteases comprise six families; of these, aqualysin I belongs to the proteinase K family, 3) sharing 43z sequence identity with proteinase K. 4) Aqualysin I has at least two Ca 2+ -binding sites that have diŠerent a‹nities for Ca 2+ . 5) Gelˆltration of the puriˆed enzyme results in production of holoaqualysin I, which has one Ca 2+ ion bound at its high-a‹nity binding site. The equilibrium association constant (binding constant) for Ca 2+ binding to the low-a‹nity binding site of holo-aqualysin I is 3.1×10 3 M "1 at 139 C, as shown by microcalorimetric titration. 5) Holo-aqualysin I is inactivated by incubation at 809 C, with a half-life of 33 min. The thermostability of the holo-enzyme is fully restored by addition of 1 mM Ca 2+ . Thus, binding of Ca 2+ to the low-a‹nity binding site is considered to be crucial for the thermostabilization of this enzyme, 5) although this binding has not been directly demonstrated. The thermostability of the holo-enzyme can also be increased by di-and tri-valent cations other than Ca 2+ . 5) The magnitude of the eŠect seems to depend on the size of the cations: ions with ionic crystal radii ranging from 85.8 to 106 pm are more eŠective in thermostabilization, whereas those outside this range are less eŠective. 5) In this study, 23 Na-and 139 La-NMR spectrometry were used to characterize the low-a‹nity Ca 2+ -binding site of aqualysin I. Binding of divalent (Mg 2+ and Ca 2+ ) and trivalent (La 3+ ) cations to aqualysin I is discussed as it relates to metal ion-induced thermostabilization.
Materials and Methods
Preparation of holo-aqualysin I. Aqualysin I was expressed in Escherichia coli and puriˆed as described previously.
6) E. coli cells carrying the gene for an aqualysin I precursor without the carboxyl terminal pro-sequence were grown in Luria-Bertani broth, and expression of the aqualysin I gene was induced by addition of isopropyl-b-D-thio-galactopyranoside. After the cells were collected, washed, and resuspended in a 50 mM HEPES-NaOH buŠer solution (pH 7.5) containing 10 mM CaCl2, they were disrupted by sonication. Incubation at 709 C promoted maturation of the enzyme. After centrifugation, the supernatant fraction was dialyzed against buŠer A (20 mM MES-NaOH, pH 6.0) containing 1 mM CaCl2 and applied to a 2.5×10-cm column of SP-Sepharose (Pharmacia Co., Ltd.). The column was washed with buŠer A, and the enzyme was eluted with 0.3 M NaCl in buŠer A. The eluate was dialyzed against buŠer A that had been treated with Chelex 100 (Dow Chemical Co. Ltd.), yielding holo-aqualysin I, 6) which was then concentrated in a Centricon 100 (Millipore Co. Ltd.). Protein concentration was determined by UV spectroscopy, based on a value of 11.3 for the absorbance at 280 nm of a 1z aqualysin I solution. The Na + concentration was determined by ‰ame emission spectrometry (Shimadzu model AA-620).
Measurement of
23 Na-and 139 La-NMR spectra. 23 Na-and 139 La-NMR spectra were recorded on a JEOL a-500 NMR spectrometer at resonance frequencies of 132.30 and 70.55 MHz, respectively. 23 Na-NMR spectra were obtained with a 10.5-ms (p W 2) pulse length, an acquisition time of 500 ms, and a pulse delay of 40 ms. Line broadening of 1 Hz was applied before Fourier transformation. Chemical shifts were reported in reference to 1 mM NaCl as zero ppm.
139 La-NMR spectra were acquired with a 12-ms (p W 2) pulse length, an acquisition time of 5 ms, and a pulse delay of 40 ms. Line broadening of 5 Hz was applied before Fourier transformation. Chemical shifts were reported in reference to 1 mM LaCl3 in 1 M HCl as zero ppm. A correction was made for the broadening factors in determination of the linewidths of the spectra. All samples were prepared in 10z D 2 O and locked internally on the deuterium signal.
The dependence of the line shape of the 23 Na-NMR spectra on temperature was examined using a solution containing 0.10 mM holo-aqualysin I in 20 mM MES-NaOH (pH 6.0).
23
Na-NMR spectra were acquired at 229 C with successive addition of aliquots of 0.5 M NaCl, MgCl2, CaCl2, or LaCl3 to the solution.
Theoretical Background
Many reviews deal with NMR spectrometry of nuclei that have nuclear spins greater than 1 W 2. [7] [8] [9] A brief summary of the theory relevant to this study is presented.
23 Na-NMR spectra in the absence of chemical exchang. The 23 Na nucleus has a nuclear spin of 3 W 2, and consequently its relaxation is dominated by a quadrupolar relaxation mechanism. The shape and width of the spectrum are largely dictated by the electricˆeld gradient tensor at the nucleus and its ‰uctua-tion relative to a stationary magneticˆeld, since these are the principal parameters determining transverse relaxation time (T2) of nuclear magnetization.
For free Na + ions that tumble rapidly in solution, a condition of extreme narrowing (v0 2 tc 2 º º1, where v0 is the angular Larmor frequency of the nuclei), prevails. In this region, transverse relaxation is characterized by a single exponential decay with a relaxation time of T2 f :
where x and tc denote the quadrupolar coupling constant and the correlation time, respectively, and a cylindrical symmetry for the electricˆeld gradient is assumed. Therefore, free Na + ions give rise to a single Lorentzian spectrum. Outside the extreme narrowing region (v0 2 tc 2 À À1), as is the case for Na + ions bound to large molecules, relaxation is characterized by two exponential decays. Because the time constants for the fast component, T? 2b, and the slow component, T! 2b , are given by:
and
a superposition of two Lorentzian signals is obtained. In addition to the low tumbling rate, Na + ions bound to large molecules are subject to a large electricˆeld gradient due to the lowered symmetry of the binding environment. This eŠect can result in spectrum broadening that prevents detection of the spectrum.
23 Na-NMR spectra in the presence of chemical exchange. We will consider a two-state model, as shown in Eq. (4), Na+PØNaP (
where P denotes a protein molecule. Thus, one Na + state (the free form) is within the extreme narrowing limit, and the other Na + state (the protein-bound form) is not. We deˆne the rate constants for the forward and reverse reactions as 1 W ton and 1 W toŠ, respectively, and the equilibrium binding constant as KNa. The transverse magnetization is a sum of two exponentials, whose fast and slow time constants, T? 2, and T! 2 , respectively, are expressed as:
where [Na] and [NaP] are the concentrations of free and protein-bound Na + ions, respectively, and Dv is the chemical shift diŠerence between the two states.
If the exchange of Na + is slow compared to the NMR time scale (1 W toŠº º1 W T! 2b) and Dv can be neglected with respect to 1 W T? 2b and 1 W T! 2b, then Eqs. (5) and (6) are reduced to the following equation:
A Lorentzian spectrum is observed as a result. The linewidth at the half-maximum (Dn1 W 2) of the spectrum is therefore expressed by:
where Dn1 W 2, free is the linewidth at half-maximum in the absence of chemical exchange. When the concentration of the protein is much lower than that of Na + , a linear correlation is evident between the reciprocal excess linewidth, 1 W (Dn1 W 2"Dn1 W 2, free), and the total Na + concentration, as shown by the following equation:
where [P]total and [Na]total denote the total concentrations of protein and Na + ion, respectively. From this straight line, the physicochemical parameters ton, toŠ and K Na can be calculated. If other metal ions in the solution compete for the site with Na + , the 23 Na-NMR spectrum will be sharpened because of a reduced number of binding sites. Assuming that the concentration of protein-bound metal ion is negligible with regard to the concentration of free metal ions, one can obtain the following relation:
where [M]total and KM denote the total metal ion concentration and the binding constant for the interaction of the metal ion with the site, respectively (M＝ Mg, Ca, La). A plot of the reciprocal excess linewidth vs. total metal concentration, with data obtained from titration of the protein solution with the metal ion, will result in a straight line. The slope of this line can be used to calculate the binding constant of the metal ion.
Results and Discussion
The concentration of Na + measured in the 0.1 mM holo-aqualysin I solution at pH 6.0 was 6.53 mM. The 23 Na-NMR spectra of the enzyme solution had a single peak at a chemical shift around zero ppm at temperatures from 15 to 509 C, as seen in the spectra recorded at 20 and 509 C (Fig. 1) . The linewidths of the spectra at half-maximum (Dn1 W 2) and at one-eighth-maximum (Dn 1 W 8 ) as a function of temperature are shown in Fig. 2 . The Dn1 W 2 value increased as the temperature increased from 15 to 359 C, and then decreased as the temperature was further increased. In contrast, the Dn1 W 8 value increased consistently with temperature. The ratio of Dn 1 W 8 to Dn 1 W 2 yielded an almost constant value of 2.6 at temperatures from 15 to 359 C. This value is close to 2.65, which is indicative of the Lorentzian line, 8) indicating that the 23 Na-NMR spectra observed at these temperatures are Lorentzian. On the other hand, the spectra are not Lorentzian at temperatures from 40 to 509 C, where the Dn1 W 8 to Dn1 W 2 ratio increased as the temperature increased.
These phenomena suggest that the slow exchange of Na + that prevails at lower temperatures switches into intermediate or fast exchange at temperatures above 359 C. The 23 Na-NMR spectrum showed only a single Lorentzian line in the lower temperature range, indicating that free Na + ion alone appears in the spectrum and that enzyme-bound Na + would be un- Fig. 3 EŠects of Na + Concentration on Reciprocal Excess Linewidth of 23 Na-NMR Spectra. A sample containing 6.53 mM Na + and 0.1 mM holo-aqualysin I was titrated with NaCl, and spectra were obtained at 229 C. Spectra consisted of 1000 scans acquired using a 2-kHz sweep width. Linewidths were corrected for a broadening factor of 1 Hz.
Fig. 4 EŠects of Metal Ion Concentration on the Reciprocal Ex-
cess Linewidth of 23 Na-NMR Spectra. A sample containing 6.53 mM Na + and 0.1 mM holo-aqualysin I was titrated with Mg 2+ (), Ca 2+ (), or La 3+ ($), and the spectra were recorded at 229 C. Spectra consisted of 1000 scans acquired using a 2-kHz sweep width. Linewidths were corrected for a broadening factor of 1 Hz. * A range of values has been reported for the ionic radius of a cation depending on the literature. However, each indicates a similar trend for a change in the radius from one cation to another. We consider here the values only as relative ones not as absolute ones.
detectable due to increased linewidth. An increase in temperature shortens the toŠ value, resulting in broadened spectra at low temperatures, as shown by Eq. (8) . At high temperatures, on the other hand, the enzyme-bound Na + contributes to the spectrum. The non-Lorentzian signals may be attributable to a weighted average of the spectra originating from free and protein-bound Na + ions. The transverse relaxation times for these ions are given by Eqs. (5) and (6) .
The binding of Mg 2+ , Ca 2+ , and La 3+ ions to holoaqualysin I was examined at 229 C. The 23 Na-NMR spectrum was sharpened when the total Na + concentration in the enzyme solution was increased (data not shown). A linear correlation between reciprocal excess linewidth and total Na + concentration was obtained for the spectra taken at a temperature of 229 C (Fig. 3) Na-NMR spectra showed a successive decrease in linewidth (Fig. 4(a) (Fig. 4(a) ), indicating that Mg 2+ does not bind to the low-a‹nity Ca 2+ -binding site. Na + has a crystal ionic radius of 102 pm for a coordination number of six, 10) * a size that is almost identical to that of Ca 2+ (Table 1) . La 3+ also has an ionic radius similar to that of Ca 2+ , but Mg 2+ has a crystal ionic radius much smaller than that of Ca 2+ ( Table 1 ). The small crystal ionic radius of Mg 2+ might disfavor its binding to the low-a‹nity site. Figure 4 (b) depicts the relationship between reciprocal excess linewidth and metal ion concentration. From the linear correlation shown in Eq. (10) and the toŠ value obtained from the Na + titration experiment, binding constants for Mg 2+ , Ca
2+
, and La 3+ were calculated as shown in Table 1 . The binding constant for Ca 2+ at the low-a‹nity Ca
-binding site was 6.2×10 Samples contained 0.1 mM La 3+ (a), 0.1 mM La 3+ and 0.1 mM holo-aqualysin I (b), or 0.1 mM La 3+ , 100 mM Ca 2+ , and 0.1 mM holo-aqualysin I (c). Spectra consisted of 60,000 scans acquired using a 12-kHz sweep width. A broadening factor of 5 Hz was applied before Fourier transformation. Figure 5 (a) shows the 139 La-NMR spectrum for a solution containing 0.1 mM LaCl3 in 20 mM MESNaOH (pH 6.0). A single peak emerged at a chemical shift of zero ppm with a Dn1 W 2 of 190 Hz. The signal was broadened to have a Dn1 W 2 of about 500 Hz when 0.1 mM holo-aqualysin I was added to the La 3+ solution (Fig. 5(b) ). The signal intensity was also reduced considerably in the presence of holo-aqualysin I, with an integrated peak area of only 60z of that obtained in the absence of holo-aqualysin I. It has been shown that La 3+ is in very slow exchange with the La 3+ -binding site (denoted site X, see below) of the enzyme, so that the signal area of the spectrum represents the concentration of free La 3+ ion.
11)
Therefore, 60z of the added La 3+ appears to be in the free form in a solution containing 0.1 mM La 3+ and 0.1 mM holo-aqualysin I. When 100 mM Ca 2+ was added to the solution, the signal was sharpened and had a Dn1 W 2 value of 210 Hz (Fig. 5(c) ions blocked the site, resulting in the sharpened spec-trum ( Fig. 5(c) ). From the derived binding constants, we calculated the concentrations of La 3+ and metal-bound enzyme in a 0.1-mM holo-aqualysin I solution containing 0.1 mM La 3+ with or without 100 mM Ca
2+
. We assumed that La 3+ binds to site X and to the lowa‹nity Ca 2+ -binding site independently. Iterative calculations were made to self-consistently optimize the concentrations of the metal ion and the metal ionbound enzyme. The free La 3+ concentration increased by only 4z when 100 mM Ca 2+ was added to the solution (Table 2) , which is consistent with the result that the addition of a large excess of Ca 2+ ions scarcely changed the integrated peak area of the 139 La-NMR spectrum (Fig. 5(c) ).
Previously, Ca 2+ and La 3+ were shown to be eŠec-tive for thermostabilization of holo-aqualysin I 5) , but Mg 2+ is not. 2, 12) These results imply that binding of metal ion to the low-a‹nity Ca 2+ -binding site is crucial for thermostabilization. La 3+ increases the thermostability of holo-aqualysin I in a level similar to that of Ca 2+ , 5) in spite of its smaller binding constant (1.1×10 3 vs. 6.2×10
3 M "1 , respectively) for the low-a‹nity Ca 2+ -binding site. Binding of La 3+ to site X can also serve to stabilize the holoenzyme.
